'Classical' non-homologous end joining (NHEJ), dependent on the Ku70/80 and the DNA ligase IV/XRCC4 complexes, is essential for the repair of DNA double-strand breaks. Eukaryotic cells possess also an alternative microhomologymediated end-joining (MMEJ) mechanism, which is independent from Ku and DNA ligase 4/XRCC4. The components of the MMEJ machinery are still largely unknown. Family X DNA polymerases (pols) are involved in the classical NHEJ pathway. We have compared in this work, the ability of human family X DNA pols b, j and k, to promote the MMEJ of different model templates with terminal microhomology regions. Our results reveal that DNA pol j and DNA ligase I are sufficient to promote efficient MMEJ repair of broken DNA ends in vitro, and this in the absence of auxiliary factors. However, DNA pol b, not j, was more efficient in promoting MMEJ of DNA ends containing the (CAG)n triplet repeat sequence of the human Huntingtin gene, leading to triplet expansion. The checkpoint complex Rad9/Hus1/Rad1 promoted end joining by DNA pol j on non-repetitive sequences, while it limited triplet expansion by DNA pol b. We propose a possible novel role of DNA pol b in MMEJ, promoting (CAG)n triplet repeats instability.
INTRODUCTION
DNA double-strand breaks (DSBs) repair is accomplished through two main mechanisms: homologous recombination (HR) and non-homologous end joining (NHEJ). Eukaryotic cells possess at least two distinct NHEJ pathways (1) . The best known, often referred as the 'classical' NHEJ, relies on the action of a core complex consisting of the Ku70/80 heterodimer and the DNA ligase IV/XRCC4 complex. The second DSBs joining mechanism is Ku-and DNA ligase IV-independent (2), and has been proposed to proceed through microhomology-mediated end joining (MMEJ). The current model proposes that the microhomology regions (5-25 nucleotides) exposed by DNA resection, anneal to form a synaptic complex, generating gaps on both strands, which are filled by a DNA polymerase (pol) and subsequently ligated. Since the resulting DNA junctions are often characterized by deletions, MMEJ is also referred as an error-prone end-joining pathway (3) . The components of the MMEJ machinery are still largely unknown. The Mre11-Rad50-Xrs2 complex and the Exo 1 nuclease are required for end processing (4) (5) (6) , while data from human cells suggested that DNA ligase I is most likely involved in the ligation step of MMEJ (7) . In yeast, the translesion DNA pols Z, z and DNA pol4 have been proposed to participate in MMEJ (8) (9) (10) . In Saccharomyces cerevisiae and Drosophila melanogaster, it has been shown an active role of the DNA pol itself in the stabilization of the transient base-pairing interactions occurring at the short microhomology regions in MMEJ. For example, DNA pol4, the only X family pol in S. cerevisiae, was found to be absolutely required in end joining, when the gap resulting from the synapsis of two 3 0 -single strand (ss) DNA overhangs had to be filled using unstable primer-template junctions. Biochemical studies (11) indicated that a unique feature of DNA pol4 in DSBs repair is to stabilize synaptic complexes by bridging the two sides of the broken strands with disrupted base stacking continuity, thus helping to compensate the otherwise unstable DNA duplex at the joint, an activity that perfectly suits to the MMEJ reaction. D. melanogaster lacks a DNA pol4 orthologue and biochemical and genetic data suggested that mus308/DNA pol y might be involved in the synthesis step during MMEJ in this organism (12, 13) .
Mammalian cells possess four X family members: DNA pols , b, m and terminal transferase (TdT) (14) . Both DNA pol and m have been shown to have a reduced dependence on stable primer-template pairing and to participate in the 'classical' NHEJ mechanism (15) (16) (17) (18) (19) . Biochemical studies suggested the existence of a 'gradient' of substrate specificity that dictates the involvement of DNA pols and m in NHEJ, depending on the nature of the broken DNA ends (20) . In particular, DNA pol preferentially fills gaps with ends that have partially complementary overhangs, while DNA pol m can catalyze DNA synthesis in the absence of complementarity between the primer and the template strand, and is less active and accurate on DNA ends with complementary overhangs longer than two nucleotides. DNA pol , the only family X member conserved through different kingdoms, from plants to prokaryotes to viruses, is the mammalian orthologue of S. cerevisiae DNA pol4. Crystal structures of DNA pol bound to gapped DNA templates (16, (21) (22) (23) (24) , indicate the presence of specific structural elements (Arg154, Trp274 and Ala510) which take stacking interactions with the template nucleotides at positions 0 and +1, with respect to the primer end, and with the 5 0 -terminal base of the primer strand gap. Thus, its structural and biochemical features make mammalian DNA pol a likely candidate for the synthesis step in MMEJ, which involves unstable primer-template junctions resulting from annealing of 3 0 -ssDNA overhangs at microhomology regions.
To study the biochemical details of the MMEJ reaction, we have compared in this work, the ability of human family X DNA pols to promote the end joining of different model templates with terminal microhomology regions. Our results reveal specific features of DNA pol and b in promoting end joining, depending on the nature of the DNA ends. In particular, with 3 0 -ss overhangs containing the (CAG)n triplet repeat region of the Huntingtin gene, DNA pol b, but not DNA pol , showed a strong tendency to catalyze triplet expansion during MMEJ-dependent DNA synthesis. No human DNA pols have been shown, so far, to have the ability to promote annealing and elongation of 3 0 -ssDNA overhangs with terminal microhomology regions, in the absence of additional bridging factors. In addition, our data suggest a role of DNA pol b in MMEJ, promoting (CAG)n triplet repeats instability.
MATERIALS AND METHODS

Chemicals
Deoxyribonucleotides were purchased from GeneSpin. Labeled [g-32 P]ATP was purchased from Perkin-Elmer. All other reagents were of analytical grade and purchased from Merck or Fluka. All the oligonucleotides were purchased from Biomers.net (Donau, Germany).
DNA substrates
All oligonucleotides were puriEed from polyacrylamide denaturing gels (PAGE). Sequences were:
For the MMEJ reaction with non-repetitive sequences: 
Proteins
Recombinant human DNA pols , b and m were expressed and puriEed as described (25, 26) . Recombinant RP-A and 9-1-1 complexes were expressed and purified as described (27, 28) .
In vitro polymerase assays
The reaction mixtures contained in a 10 ml final volume: buffer (50 mM Tris-HCl pH 7.5, 1 mM DTT, 0.20 mg/ml BSA, 2% glycerol), 1 mM MgCl 2 , DNA substrates, DNA pols, auxiliary proteins and nucleotides in the concentration specified in the Figures. In the end joining reactions, the 'donor' and 'acceptor' templates were added at the beginning of the reaction. All reaction mixtures were incubated for 10 min at 37 C, unless otherwise stated. For denaturing gel analysis of the DNA products, the reaction mixtures were stopped by the addition of standard denaturing gel loading buffer (95% formamide, 10 mM EDTA, xylene cyanol and bromophenol blue), heated at 95 C for 5 min and loaded on a 7 M urea 12% polyacrylamide gel. The reaction products were analyzed by Molecular Dynamics Phosphoimager (Typhoon Trio GE Healthcare) and quantified by Image Quant.
Pull-down experiment
One microgram of purified recombinant his-tagged DNA pol wild type, or its truncated mutants N-terminal BRCT/PRD (aa 1-243) or catalytic domain CD (aa 244-575), were incubated with NiNTA agarose beads in PBS 1Â. Beads were washed in PBS 1Â and added to 1 mg of recombinant purified 9-1-1 complex. Imidazole to a final concentration of 45 mM and NP-40 to a final concentration of 0.1% were added. After incubation for 1 h at 4 C, samples were centrifuged at 600Â g at 4 C. The supernatant was removed and the beads were washed four times in PBS 1Â containing imidazole and NP-40 in the same concentrations as during the binding. Beads were eluted by heating the samples at 100 C in Laemmli sample buffer. After centrifugation at 6000Â g, the supernatants containing the eluted proteins were loaded onto a 10% SDS-polyacrylamide gel, blotted onto a nitrocellulose membrane and revealed with 9-1-1 specific antibodies.
Kinetic analysis
The variation of the nucleotide incorporation rates (v) as a function of the DNA substrate concentration was fitted to the Briggs-Haldane equation:
where k cat is the apparent catalytic rate, E 0 is the input enzyme concentration, S is the variable substrate concentration and K d is the apparent affinity of the enzyme for the substrate.
Where an excess of enzyme over the DNA substrate had to be used, due to the highly distributive nature of the reaction, data were fitted to the modified equation:
where k cat is the apparent catalytic rate, E 0 is the input enzyme concentration, S is the variable substrate concentration, K d is the apparent affinity of the enzyme for the substrate, K 0 is the equilibrium dissociation constant for the non-productive binding of the enzyme to the substrate, E i is the fraction of enzyme not involved in catalysis and E a is the fraction of enzyme involved in catalysis. 
RESULTS
DNA polymerase j can promote annealing and elongation of DNA strands with limited homology Two oligonucleotides of, respectively, 32 and 35 nt were designed and their sequences checked to exclude self-annealing and/or hairpin structure formation. These two oligonucleotides possessed a five nucleotides complementary region at their 3 0 -ends. Thus, upon annealing they generate a structure (Figure 1a , top) where the 3 0 -OH end of each strand provides the primer to copy the other strand. The calculated temperature (Tm) of the two annealed oligonucleotides under these conditions was 16 C, while all reactions were carried out at 37 C, ensuring that spontaneous annealing did not occur. Since the sequences of each strand were different, appropriate combinations of dNTPs could be used to selectively start synthesis on one strand or the other. Synthesis was monitored by radioactively labeling the 5 0 -end of one strand. DNA pol was incubated first with the Figure 1a) , nucleotide incorporation was dictated by the sequence of the complementary 32-mer strand. These results suggested that DNA pol was able to promote annealing and templatedependent elongation of 3 0 -ssDNA strands with terminal microhomology.
DNA polymerase j requires terminal microhomology to promote strand annealing and elongation
Next the 5
0 -labeled 32-mer primer strand was used in combination with its partially complementary 35-mer, or a non-complementary 29-mer, in the presence of both dATP and dGTP, which should allow synthesis of a +3 product on both template strands ( Figure 1b (Table 1 ). In comparison, the corresponding values of DNA pol for a standard primer/template junction were 43 nM and 5.4 mM À1 min À1 (26).
Effect of replication protein A and proliferating cell nuclear antigen on the ability of DNA polymerase j to promote strand annealing and elongation
The single-stranded DNA-binding protein RP-A and the auxiliary factor PCNA, have been shown to influence the ability of DNA pol to bind and elongate a DNA primer (28), thus we asked whether these two proteins were able to affect the ability of DNA pol to catalyze the MMEJ reaction. In the presence of the 5 0 -labeled 32-mer primer strand and its partially complementary 35-mer, RP-A reduced the synthesis by DNA pol ( Figure 1c , lanes 2-6), also in the presence of its auxiliary factor PCNA (lanes 7-11), likely due to sequestration of the ssDNA, which prevented annealing of the complementary regions. These data indicated that the presence of ssDNA with terminal microhomology regions between the two strands was essential for the ability of DNA pol to promote their annealing and subsequent templatedependent elongation.
DNA polymerase j requires a 5 0 -phosphate for the annealing of short 3 0 -single strand DNA overhang and subsequent gap filling, generating ligatable nicks Next, two 'acceptor' templates, A and B, with, respectively, a 6 or 7 nt 3 0 -ss overhang and a 'donor' primer with a 5 nt 3 0 -ss overhang, complementary to the last 5 nt of the acceptor strands, were used ( Figure 2a ). Upon annealing of the 'acceptor' and 'donor' templates at the region of terminal microhomology, two different substrates, mimicking the structure generated by DNA DSBs, were generated with a 1 nt-or 2 nt-gap ( Figure 2a ). The calculated Tm for the annealing of these templates at the microhomology regions, under these conditions, was 16 C, ensuring no spontaneous self-annealing at the temperature of 37 C, used in all reactions. DNA pol showed a 40-fold increase in its catalytic activity on the 1 nt-gapped template, when the 5 0 -recessed end of the 29/35-mer acceptor template A was phosphorylated (Figure 2b , compare lanes 2-7 with lanes 8-13; Table 1 ). Such a phosphorylated 5 0 -end was even absolutely required for DNA pol activity on the 2 nt-gapped substrate (Figure 2c , compare lanes 2-7 with lanes 8-13). Kinetic analysis showed that DNA pol utilized the 5 0 -phosphorylated 1 nt-gap substrate with a 2-fold higher catalytic efficiency than the ss 35-mer template (Table 1) Figure S1e) substrates. As shown in Figure 2e , in the presence of DNA ligase I, the +1 products resulting from gap filling by DNA pol on the 1 nt-gap substrate, were converted into fully ligated products in a dose-and time-dependent manner (lanes 2-11). These results indicated that DNA pol and DNA ligase I were sufficient to promote efficient repair of broken DNA ends with terminal microhomologies.
The alternative clamp Rad9/Hus1/Rad1 (9-1-1) complex enhances the processivity of DNA polymerase j during microhomology-mediated end joining by physical interaction with its catalytic domain
The 9-1-1 complex is an important component of the cellular response to DNA DSBs (29) . When added to the reaction, it stimulated the MMEJ reaction catalyzed by DNA pol on the 5 0 -labeled ss 32-mer together with the ss 35-mer template ( Figure 3a , lanes 2-5) and on the 1 nt-gap substrate (lanes [7] [8] [9] [10] . When DNA pol was tested on the 5 0 -labeled ss 32-mer together with the ss 35-mer template and all four dNTPs, 9-1-1 stimulated DNA synthesis (Figure 3b, compare lanes 9, 10 with  lanes 19, 20) . The stimulation of DNA pol by 9-1-1 could be due either to an increased ability of DNA pol to promote the strand annealing at the microhomology region, or to an increase in its DNA synthetic activity. To further investigate the effect of 9-1-1 on the end joining-dependent synthetic activity, the experiments were then repeated in the absence or presence of a molar excess of unlabeled trap ssDNA. Addition of the unlabeled trapping DNA at different incubation times, will cause any enzyme molecule dissociating from the template to be sequestered, thus effectively preventing multiple turnovers. Thus, comparison of the products synthesized as a function of the trap addition time, with the products synthesized in the absence of trap and in the presence or in the absence of 9-1-1, allowed to evaluate any effect of 9-1-1 on the processivity of DNA pol . Comparison of the products synthesized as a function of the trap addition time, with the products synthesized in its absence, revealed that full-length products were visible at earlier time points after trap addition in the presence of 9-1-1 (lanes 3, 4), than in its absence (lanes 12, 13). As already shown above (Figure 1c) , RP-A inhibited DNA synthesis by DNA pol on the partially complementary 32-mer and 35-mer ssDNA substrates. Interestingly, addition of the 9-1-1 complex was able to counteract this inhibition by RP-A (Figure 3c, compare lane 2 with lanes 3-5) . Finally, a pull-down experiment with recombinant proteins, revealed a physical interaction of 9-1-1 with the C-terminal catalytic domain (aa 244-575) of DNA pol (Figure 3d, lanes 4 and 5) , suggesting that 9-1-1 increased the processivity of DNA pol in the MMEJ reaction through protein-protein interaction with the pol catalytic domain.
DNA polymerase j catalyzes aberrant end joining products, starting from 3 0 -single stranded DNA overhangs containing CAG triplet repeats
The MMEJ repair of broken DNA strands might also be important in the context of DSBs repair of regions containing repetitive sequences. We next exploited in MMEJ, the sequence of the 5 0 -end of the human Huntingtin gene, known to contain several CAG triplet repeats. Two oligonucleotide pairs, derived from the Huntingtin gene, were employed (Figure 4a ): a 18/39-mer 'acceptor' template, with a 21 nt ss 3 0 -overhang, consisting of seven consecutive CAG repeats and a 18/22-mer 'donor' primer, with a 4 nt ss 3 0 -overhang (CTGC), complementary to the last four nucleotides of the ss 3 0 -overhang of the 18/39-mer. Upon annealing, a double-stranded DNA with a 17 nt gap, bearing CAG repeats on the template strand, is generated (Figure 4a ). Gap-filling DNA synthesis starting from the 3 0 -OH end of the 22-mer strand, will give a 39 nt product (17 nt newly synthesized + 22 nt from the annealed primer strand). DNA pol showed no incorporation in the presence of the 18/22-mer 'donor' labeled on the 5 0 -end of the 22-mer strand, either alone or in combination with the 18/39-mer 'acceptor' template ( Figure 4b) . Surprisingly, in the presence of the 18/39-mer 'acceptor' labeled on the 5 0 -end of the 39-mer strand, either alone, or in combination with the complementary unlabeled 18/22-mer 'donor' substrate, DNA pol catalyzed the synthesis of long products (Figure 4c ). The synthesis on this substrate was inefficient, requiring high DNA pol concentrations. In the presence of the labeled 18/39-mer alone, addition of dCTP (Figure 4d, lane 1) , or dCTPand dTTP (Figure 4d, lane 5) , resulted in the synthesis of +1 and +2 products, respectively, as expected if the 39-mer strand was used as the template to be copied. This suggested that DNA pol promoted self annealing of the ssDNA 3 0 overhangs of two 18/39-mer molecules into a head-to-head fashion, using the homology regions between the repetitive sequences (Figure 4e ). The resulting DNA structures are more stable (Tm 12 C-26 C) than the 17 nt-gap substrate resulting from the annealing of the 4 nt 3 0 -overhang of the 18/22-mer 'donor' to its complementary sequence on the 39-mer strand (Tm below 12 C). Accordingly, when a molar excess of the 22/18-mer 'donor' template was added to the reaction, in the presence of the labeled 18/39-mer, no reduction in the synthesized products starting from the 39-mer labeled strand was observed (Figure 4d, lanes 7-10) , indicating that the 18/22-mer was unable to compete with the 39-mer strand for annealing to the complementary sequence. These results suggested that DNA pol more efficiently promoted the formation of aberrant headto-head 18/39-mer dimers, instead of properly annealing the 18/39-mer 'acceptor' to the 18/22-mer 'donor' substrate. Figure S1d) showed template-independent tdt-like activity, as already reported (25) . Either in the presence of the labeled ss 32-mer alone or in combination with the partially complementary 35-mer, the best incorporated nucleotide was dCTP (lanes 3, 8) and addition of all four dNTPs resulted in a pattern identical to the one observed with dCTP alone (compare lanes 5, 10 with lanes 3, 8). These data suggested that the ability to promote annealing and elongation of partially complementary ssDNA strands is a property of DNA pol but not of DNA pols b and m. Interestingly, in the presence of the 5 0 -phosphorylated 1 nt-gap substrate, DNA pol b was able to promote (Figure 5b, lanes 1-4) . The same experiment in the presence of the 18/39-mer 'acceptor' substrate, showed accumulation of the 39 nt product, resulting from complete filling of the 17 nt gap, along with longer products (Figure 5b, lanes 5-8) . When the 28/39-mer 'acceptor' template was tested in combination with the labeled 22/18-mer 'donor', resulting in the 7 nt-gap substrate (Figure 5a scheme), DNA pol b catalyzed the synthesis of a 29 nt product, as expected from complete filling of the 7 nt gap, plus additional longer products (Figure 5c, lanes 3-8) . Comparison with an oligonucleotide size marker ladder (lane 2) showed that these products were evenly spaced, each being 3 nt apart. At least 10 additional trinucleotide repeats were added to the 29 nt full-length product. Even assuming strand displacement by DNA pol b, the number of available additional triplets to be copied could not exceed three to four (Figure 5a scheme) . Thus, these products are indicative of triplet expansions. As documented in Table 2 , DNA pol b utilized all three 'acceptor' substrates with similar efficiencies, with a 2-fold preference for the 28/39-mer. Synthesis by DNA pol b on the 28/39-mer substrate was strictly template-dependent, with the expected +1 product appearing only in the presence of the first encoded nucleotide dTTP (Supplementary Figure S2a) according to the sequence of the 39-mer template strand. When DNA pol was tested with the 28/39-mer 'acceptor' in combination with the labeled 18/22-mer 'donor', no synthesis was detected (Supplementary Figure S2b) . Thus, DNA pol b and DNA pol appear to have different specificities for MMEJ on normal or repetitive sequences.
The ability of DNA polymerases b and j to promote microhomology-mediated end joining is influenced by the structure of the DNA ends Next, the activity of DNA pols and b was compared, in the presence of the three different 'acceptor' substrates (39-mer, 18/39-mer and 28/39-mer), but with the 5 0 -labeled 22-mer ss oligonucleotide as 'donor' (Figure 5d ). As shown in Figure 5e , DNA pol was able to start DNA synthesis from the ss 22-mer. A strong accumulation of short (+1 to+2) products could be observed (lanes 1-9) with all 'acceptor' substrates. A similar pattern was observed in the presence of the labeled 22-mer strand alone (lanes 20, 21), suggesting that those products were due to the template-independent elongation of the ss 22-mer by the tdt-like activity of DNA pol . In the presence of the 'acceptor' substrates synthesis of longer products was also detected. However, this synthesis decreased with the shortening of the 3 0 -ss overhang of the 'donor' substrate, from 39 nt (39-mer, lanes 1-3) to 21 nt (18/39-mer, lanes 4-6), almost disappearing at 11 nt (28/39-mer, lanes 7-9). DNA pol b was also able to start DNA synthesis from the ss 22-mer 'donor' oligonucleotide. Similarly to DNA pol , the efficiency of DNA pol b decreased as the length of the ssDNA 3 0 -overhang was reduced (lanes 10-18) . Kinetic analysis showed that DNA pol b utilized the ss 22-mer 'donor' less efficiently than the 18/22-mer, on all the 'acceptor' templates ( Table 2) . Comparison of the k cat /K d values of DNA pol (Table 1) and DNA pol b (Table 2 ) on these substrates, revealed that DNA pol showed a preference for the ss 22-mer 'donor' in combination with the ss 39-mer 'acceptor' template, while DNA pol b more efficiently utilized the ss 22-mer 'donor' in combination with the 18/39-mer 'acceptor'. Thus, the efficiency of MMEJ of DNA ends containing CAG triplet repeats by DNA pols b and was influenced by the nature of the 'donor' strand (either partially ds or ss) and the length of the 3 0 -ss overhang of the 'acceptor' strand.
The Rad9/Hus1/Rad1 (9-1-1) complex might reduce triplet expansion by DNA polymerase b DNA pol b promoted significant triplet expansion during MMEJ of DNA ends containing CAG triplet repeats ( Figure 5 ). RP-A did not affect the size or distribution of the products generated by DNA pol b starting from the 18/22-mer 'donor' with all the acceptor substrates: 39-mer (Figure 6a, lanes 1-4) ; 18/39-mer (lanes 5-8); 28/39-mer (lanes 9-12). The 9-1-1 complex functionally and physically interacted with DNA pol in the MMEJ reaction (Figure 3) . However, 9-1-1 was unable to promote synthesis by DNA pol on the triplet repeats 28/39-mer 'acceptor' substrate, in the presence of the 18/22-mer donor (Figure 6b, lanes 1-4) . Since the 9-1-1 complex has been shown to physically interact with DNA pol b (27), we tested its effect on DNA pol b with the 18/22-mer 'donor' and the 28/39-mer 'acceptor' substrates. The 9-1-1 complex inhibited DNA pol b (Figure 6b,  lanes 5-8) . However, as reported in Figure 6c , the 29 nt product, representing precise gap filling without triplet expansion, was less inhibited than longer triplet expansion products, suggesting that 9-1-1 might reduce CAG triplet expansion by DNA pol b during MMEJ.
DISCUSSION
A role for DNA polymerase j and the 9-1-1 complex in MMEJ
The family X DNA pols and m are considered to play non-overlapping roles in NHEJ, depending on the nature of the broken DNA ends (20) . DNA pol is more efficient with ends that have partially complementary overhangs, while DNA pol m can catalyze DNA synthesis in the absence of complementarity. Here, we provide evidence for a possible role of DNA pol in the alternative end-joining pathway MMEJ. DNA pol is able to promote the annealing of ssDNA 3 0 -overhangs at regions of homology as short as five nucleotides and uses the resulting primer/template structures for elongation. Based on these observations, we propose the following model for DNA pol -dependent MMEJ (Figure 6d ). Broken DNA ends normally undergo resection in a 5 0 ! 3 0 direction, generating ss 3 0 -DNA overhangs. In the presence of short complementary regions between the two strands, DNA pol can efficiently bind and stabilize their junctions, starting DNA synthesis from the 3 0 -OH ends. The length of the 5 0 ssDNA-template overhang is important for the stability of the synaptic complex. DNA pol can efficiently promote pairing of ss 3 0 -DNA overhangs at microhomology region, whose joining results in long (30 nt) ss-template overhangs. However, with short (6 nt) ss 3 0 -overhangs, whose junction results in a 1 nt-or 2 nt-gapped template, DNA pol requires a 5 0 -phosphate to be present at the ds region on the 5 0 side of the gap (Figure 2d , c; Table 1 ). This is in agreement with the known high affinity of the 8 kDa dRPlyase domain of DNA pol for the downstream 5 0 phosphate on gapped templates (21, 22) . Thus, when DNA pol approaches to the end, stable binding is ensured by the presence of the 5 0 phosphate on the downstream double-stranded part, allowing precise gap filling, which results in a nick suitable to be sealed by DNA Ligase I. In this context, the fact that the processivity of DNA pol is enhanced through physical interaction with the 9-1-1 complex might be physiologically relevant. The 9-1-1 heterotrimer is an important component of the DNA damage response pathway and interacts with several BER proteins, including DNA pol b, stimulating their activity (27, (30) (31) (32) and has been linked to the repair of DSBs (29, 33) . Thus, in this minimal in vitro system, DNA pol and DNA ligase I, in the absence of additional stabilizing factors, appear capable to carry out MMEJ of broken DNA ends with terminal microhomologies.
Different substrate specificities of DNA polymerases j and b during MMEJ of broken DNA ends with terminal repetitive DNA sequences When a break occurs within a DNA region rich in repetitive sequences, the resulting ends will show extensive homology to each other, thus constituting an ideal substrate for the MMEJ pathway. In this context, the structure of the ends to be joined appears to be critical for DNA pol . In fact, when supplemented with two DNA ends, one terminating with a long 3 0 ssDNA-overhang (7-39 nt) containing several CAG triplet repeats, and the other one bearing a short (4 nt) 3 0 ssDNA-overhang with a single GTC repeat on the complementary strand, DNA pol invariably promoted the annealing of two molecules with long ssDNA ends in a head-to-head fashion, exploiting the extensive selfcomplementarity existing between the CAG repeats ( Figure 4 ). This was due to the intrinsic higher affinity of DNA pol for long ssDNA overhangs with respect to short ones. DNA pol b, on the other hand, did not show the same ability of DNA pol to promote annealing and elongation of long ssDNA 3 0 -overhangs bearing a single short microhomology region, consistent with the common notion that this enzyme is not involved in DSB repair in the majority of cell types. It was, however, able to promote annealing and elongation of short (5 nt) 3 0 ssDNA overhangs, resulting, upon end joining, in a 1 nt-gap substrate. This suggested that DNA pol b might require a phosphorylated 5 0 -recessed end within a short distance from the 3 0 ss overhang, for stable binding. Consistently with these findings, DNA pol b, contrary to DNA pol , was able to promote annealing of a short (4 nt) ss 3 0 -DNA overhang containing a single terminal GTC triplet, to complementary 3 0 overhangs of different During synthesis, DNA pol b can push these loops downstream (step 2), until the end of the gap, where the enzyme dissociates (step 3). Repetitive sequences can form secondary structures on both the primer and the template strand (step 4), before DNA pol b binds and promote a new round of synthesis (step 5). Iteration of steps 2-5 might lead to extensive triplet expansion at the junction. lengths (7-39 nt), containing multiple CAG repeats, and could elongate them with similar efficiency (Table 2) . However, copying of the repetitive CAG repeat sequence, generated products longer than the available template with a repetitive pattern of 3 nt addition, thus suggesting triplet expansion. The model proposed in Figure 6e , suggests that addition of extra copies of the CAG repeat results from the formation of secondary structures on both the template and the primer strand, during consecutive re-annealing and elongation steps. Consistent with the hypothesis that this mechanism involves only limited ssDNA tracts, RP-A did not show any effect. The 9-1-1 complex, on the other hand, appears to be able to significantly limit (but not completely suppress) the triplet expansion by DNA pol b. The model presented in Figure 6e predicts that the elongation step is highly distributive, involving frequent dissociation of the DNA pol from the template strand. This might also account for the requirement of high pol to DNA molar ratios (up to 10:1), in our in vitro assays, for MMEJ of DNA ends containing CAG repeats to occur. It is possible that additional factors contribute in vivo to stabilize the binding of the DNA pol to the synaptic complex between the DNA ends during the elongation step.
A possible role for DNA polymerase b-dependent MMEJ in triplet repeats expansion in HD Somatic CAG triplet expansion in the Huntingtin gene is a molecular event linked to the development of the neurodegenerative Huntington's disease (HD) (34) (35) (36) . Somatic CAG expansion increases with age and is tissue specific (37) . In particular, it is highest in the brain region most commonly affected by HD, the striatum. It has been hypothesized that DNA pol b strand displacement DNA synthesis, during long-patch base excision repair in the context of repetitive sequences, generates 5 0 -flap structures that cannot be efficiently removed by the endonuclease Fen-1, whose expression is low in striatal neurons (38) . Our data suggest that DNA pol b-mediated MMEJ repair of DSBs might be an additional mechanism responsible for triplet expansion in adult neurons.
Even though, so far, there is no direct evidence for an involvement of DNA pol b in DSBs repair, it is nevertheless possible to hypothesize a role of this DNA pol in both the repair of broken DNA ends through Ku-independent end joining pathways and the CAG triplet expansion in adult neurons, based on a number of considerations. First, NHEJ activity has been shown to decrease with aging due to decreased expression of Ku70 and Ku80 (39, 40) . Consistently with these findings, ss and ds DNA breaks have been documented to accumulate in neurons with age. Second, the age-dependent profile of the in vitro end-joining activity of extracts from rat cortical neurons revealed that post-mitotic neurons show maximum efficiency in joining ends with terminal homologies, but utilize an error-prone end-joining pathway to repair DSBs (41) . Third, DNA pol b is the only DNA pol, which is significantly expressed in post-mitotic neurons. Fourth, mammalian DNA pol b was able to partially complement the NHEJ defect in a yeast strain lacking the family X DNA pol4, which has been proposed to be involved in yeast MMEJ (11) . Interestingly, in such a system, DNA pol b activity was most efficient with DNA ends bearing a 4 nt terminal homology region. Finally, fifth and probably most relevant to this work, is the fact that a global map of human gene expression (42) , indicated that in HD patients, two DNA pols were up-regulated (DNA pols b and z), five were down-regulated (DNA pols a, d, e, i and ) and two were unchanged (DNA pol Z and Rev1). In view of the data presented here, it might be that up-regulation of DNA pol b is harmful, leading to an expansion of CAG repeats, which might be counteracted by the 9-1-1 complex. Since DNA pol b is the only family X DNA pol, which was found specifically overexpressed in HD patients, and chromatin immunoprecipitation experiments have shown that DNA pol b is significantly enriched at CAG expansion in the striatum tissue, but not in the cerebellum, of an HD mouse model animal (40) , it would be, based on our results, of interest, to study the correlation between DNA pol b expression levels and DSBs repair during neuronal differentiation in general, and in the striatal neurons of HD patients.
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